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ABSTRACT
This dissertation describes advanced metrology and molecular dynamics simulations for
quantifying counterion condensation in block copolymer electrolyte thin films. The fraction of
condensed counterions (fc) were quantified in nanostructured block copolymer electrolyte
(BCE) and random copolymer electrolyte (RCE) thin films with new and established
experimental techniques. The transition between the osmotic-controlled regime and
condensation-controlled regime in BCEs and RCEs was identified using solution uptake
measurements via a quartz crystal microbalance (QCM) and environmental grazing incidence
small-angle x-ray scattering (GI-SAXS). The activity coefficients of ions in thin film were
quantified experimentally and these values matched predictions from Manning’s Theory of
counterion condensation if the average distance between fixed charges on the polymer chains
were determined accurately. Experimental results were compared against theoretical
predictions from Manning’s Theory and molecular dynamics simulations. Interestingly, ionic
conductivity measurements of the BCE thin films with aqueous solutions and humidified vapor
revealed that solvation is critical for breaking ion pairs, and that the notion of two distinct
counterion types, condensed and non-condensed, may not be the most accurate picture despite
the utility of Manning’s theory for accurately predicting the activity coefficient of ions in
polymer electrolytes.
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CHAPTER 1. INTRODUCTION
Polymeric ion-exchange membranes (IEMs) are central components to electrochemical
processes engaged in separations, electrolysis, and energy storage and conversion1-3. IEMs are
often interfaced with aqueous salt solutions and there is significant interest in understanding
ion partitioning behavior between the IEMs and the liquid solutions from a molecular
thermodynamics point of view4. Furthermore, ionic conductivity and ion selectivity represent
key bulk material properties that ultimately govern the efficiency of the aforementioned
electrochemical processes1. Ionic conductivity is inversely commensurate to the ohmic
overpotential drop in electrochemical cells and thus there are significant incentives to boost
ionic conductivity to improve the thermodynamic efficiency of electrochemical cells5.
Additionally, permselectivity for counterions and exclusion of co-ions have significant
ramifications for the current utilization in electrochemical separations such as electrodialysis6
and membrane capacitive deionization7.

The molecular descriptors for the thermodynamics behind ion partitioning of IEMs and salt
solutions, as well as ion transport phenomena in IEMs, has been an intense area of research815

. Within the past 5 years, Freeman and co-workers12, 15-17, as well as others18, have applied

Manning’s Theory of counterion condensation to describe the thermodynamic partitioning
behavior of salt solutions with IEMs. They have also used physics-based models with few
fitting parameters to relate the condensation phenomena to co-ion and counterion diffusion
1

within IEMs13, 19-22. Although much progress has been made, there are still many open-ended
questions about the counterion condensation phenomena and its role in selectivity and ionic
conductivity in polymer electrolytes used in IEMs. For example, how does the molecular
architecture, such as polymer electrolyte morphology, impact the extent of counterion
condensation13? Does water structure within the material, as well as the ionic group chemistry
(e.g., resonance structures or charge asymmetry), influence counterion condensation?

It is important to highlight that the majority of counterion condensation studies12-13, 17, 22-23 in
IEMs have been mostly limited to bulk IEMs that are amorphous, crosslinked and/or reinforced.
There have been a few studies on counterion condensation in perfluorsulfonic acid membranes
(PFSA, e.g., Nafion and short side chain PFSAs)18, 24, but these materials have a distribution of
morphological geometries and the exact nature of their microphase separated structure at
different levels of hydration is a subject of debate and an active area of research25. Other
counterion condensation studies have also examined polymer electrolytes dissolved in
liquids26-28 and polymer brushes29-31.

Arges and co-workers32-35 have recently adopted the tools of directed self-assembly (DSA) of
block copolymers to prepare high fidelity nanostructured block copolymer electrolytes (BCEs)
with systematically varied period sizes and with aligned and anti-aligned ionic grains to
electrode surfaces. The DSA approach has provided unique insights that relate microstructure
design of the BCE to bulk ionic conductivity properties. For example, perfectly aligned ionic
2

grains in BCEs35 to electrode surfaces, and with a tortuosity of 1, displayed 4 orders of
magnitude greater ionic conductivity over anti-aligned ionic grains.

The advent of high fidelity BCE microstructures36 enables robust studies that can correlate the
extent of ionic dissociation in polymer electrolytes to ionic conductivity without having
structural defects muddling interpretation of experimental results. The Freeman group has
emphasized that there is a need to study counterion condensation in microphase separated
IEMs13 as the heterogenous design of these materials can offer desired mechanical properties
while also enabling facile ion transport. Although the BCE studies by Arges and co-workers3235

were carried out in a thin film format (10 to 100 nm), the microstructures observed in thin

films mimic the structures (e.g., lamellae, cylinders, and gyroids) observed in BCE type
membranes37. Hence, thin film BCEs are excellent model systems that can be systematically
tuned in their morphology, period size, and alignment through the litany of controlled living
polymerization methods38 and the tools of DSA39. Plus, thin film studies require small
quantities of materials making it possible to study counterion condensation in a multitude of
polymer electrolyte structures and chemistries without being burdened with large-scale
syntheses.
This dissertation disseminates experimental, theoretical, and molecular simulation approaches
for examining ion activity in nanostructured BCE thin films and RCE thin films, and
quantifying counterion condensation. Several experimental techniques, environmental grazingincident x-ray scattering (GI-SAXS), solution uptake using quartz crystal microbalance (QCM),
3

and thin film ionic conductivity measurements on interdigitated electrodes (IDEs), were
effective for identifying the external solution transition point (Ctp) that marked when the BCE
moved from the osmotic-controlled regime to the condensed-controlled regime. This transition
point14, 29, sometimes referred to as the Donnan concentration, has been used for quantifying
counterion condensation in solid polymer electrolytes. Similar to the work by Balsara and coworkers13, this work shows that the Donnan concentration gives an extremely high fraction of
condensed counterions (fc) when compared to other techniques4,

12

. Alternatively, fc was

determined by measuring the activity coefficients of the ions in the BCE thin films. The
measured activity coefficients were compared against predictions using Manning’s Theory of
counterion condensation40 and agreement was observed between experiments and predictions
provided the average distance between fixed charges within the BCE were used. Notably, fc
was smaller when using Manning’s Theory of counterion condensation and the Gibbs-Donnan
model. Classical molecular dynamics (MD) simulations were also deployed to examine the
condensation effect of ions in model BCEs and these simulations showed large extents of
counterion condensation – similar to what was observed in GI-SAXS and QCM experiments
that relied upon the identification of Ctp. Finally, ionic conductivity measurements of BCE thin
films with and without adsorbed salt conveyed the importance of hydration on dissociating ion
pairs and promoting conductivity. The observations from ionic conductivity experiments, and
the results from the Gibbs-Donnan equilibrium model, suggest that solvation is an important
descriptor for ion activity in polymer electrolytes and ionic conductivity.

4

CHAPTER 2. EXPERIMENTAL METHODS
2.1. Materials
Poly (styrene-block-2-vinyl pyridine) (PSbP2VP or P2VPbPSbP2VP) AB diblock and
ABA triblock copolymer sample (Mn: 40 kDa – 44 kDa, 102 kDa – 97 kDa, 12 kDa – 23 kDa
– 12 kDa) was purchased from Polymer Source Inc and used as received. Styrene (Sty), 2vinyl pyridine (2VP), RAFT chain transfer agent (4-cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol), and azobisisobutyronitrile (AIBN) were
purchased from Sigma-Aldrich and used as is unless specified. AIBN was recrystallized from
methanol. The other chemicals, toluene, acetone, iodomethane, sulfuric acid, hydrogen
peroxide, and potassium iodide were received from VWR without further purification. Two
types of silicon wafers were used as substrates in this work: 1 µm thick thermally grown
oxide layer of silica (SiOx) on silicon wafers for IDEs from WRS materials and 1-inch
diameter silicon wafers from University Wafer for all other experimental characterization.
The gold and titanium used for thermal evaporation was received from ACI Alloys with over
99.99% purity. S1813 photoresist and MF-319 developer were received from Microchem.

5

2.2. Synthesis of hydroxyl terminated poly(styrene-r-2-vinylpyridine) (OHPSrP2VP)
For the RAFT polymerization, the inhibitors in the Sty and 2VP monomers were
removed by passing the monomer solutions through basic alumina column. These
comonomers were then copolymerized using 4-cyano-4-[(dodecylsulfanylthiocarbonyl)
sulfanyl]pentanol41 (RAFT chain transfer agent) and azobisisobutyronitrile initiator (AIBN)
([Sty]:[2VP]:[CTA]:[AIBN] = 75: 25: 1: 0.2). The mixture was degassed by Ar bubbling and
heated at 72 °C for 16 h. The crude polymer was diluted with chloroform, precipitated in cold
hexane to remove excess monomer, and filtered to obtain the product (370 mg, isolated yield:
71%) as light orange powder (Mn, SEC = 7.1 kDa, Ɖ = 1.08, Figure 2.2.1a). The narrow
dispersity seen in the SEC trace confirmed that the polymerization was well-controlled
throughout the reaction. 1H NMR analysis shows that the degree of polymerization of the
random copolymer is ~80, with the styrene composition being ~70% (Figure 2. 2.1b).

6

a.)

RAFT-P(Sty-r-2VP)-OH
Mw
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D

b.)

Figure 2.2.1. (a) SEC trace of OH-PSrP2VP. (b) 1H NMR spectra (CDCl3, 500 MHz) of OHPSrP2VP.

2.3. Fabrication of IDEs
The procedure by Arges et al.33 was followed to manufacture IDEs for thin film ionic
conductivity measurements. S1813 photoresist (Microchem) was spincoated on to silicon
wafers with a 1 µm thick thermally grown oxide layer (SiOx wafers were received from WRS
Materials). The photoresist coated wafer was baked at 115 °C and then placed into a mask
aligner with a chromium mask of the IDE design and the resist was exposed to 225 mJ cm-2 of
UV light. After the exposure, the wafer was developed by immersion in MF-319 (Microchem)
developer for 30 seconds with gentle shaking followed by quenching in excess deionized water.
7

Then, 15 nm titanium was thermally evaporated on to the patterned wafers followed by 135
nm of gold. The remainder of the resist on the wafer substrates was lifted-off by immersing in
acetone and placing in a sonication bath for 5 minutes. The acetone was then replaced, and the
immersed wafer was then placed in the sonication bath again for 5 minutes. Afterwards, the
wafer was immersed in NMP (>99.0%) solvent at 60 °C for 5 minutes. The resulting IDEs were
rinsed excessively with deionized water and then dried with nitrogen. The dimensions of the
IDE were 8 mm long teeth with 100 μm spacing between teeth and 100 μm wide teeth. Each
IDE had 22 teeth pairs that were connected to two electrode pads.

2.4. BCP self-assembly and introduction of fixed charge carriers
The procedure developed by Arges et al.32-33 was used for preparing self-assembled samples of
thin film BCEs composed of PSbP2VP-co-n-methylpyridinium iodide (PSbP2VP/NMP+
I-)(Figure 2.4.1). First, a 1 wt% solution of OH-PSrP2VP (70% styrene) in toluene was
prepared and spin coated on the silicon wafer at 4000 rpm for 45 seconds. Then, the sample
was then placed in a nitrogen gas filled chamber with a hot plate set to 200 °C for 10 minutes.
At this temperature, the random copolymer was grafted to the oxide/native oxide layer of the
wafers’ surface. After grafting the polymer brush, the wafer was cooled and immersed in
toluene under sonication to remove unreacted polymer brush. The toluene rinse step was
repeated two more times to remove residual brush. Then, the wafer with grafted polymer brush
was dried with nitrogen gas.

8

Figure 2.4.1. Scheme to prepare nanostructured BCE thin films and Menshutkin reaction to
prepare PSbP2VP/NMP+ I-

A 2 wt% solution of PSbP2VP diblock copolymer (Mn: 40 kDa – 44 kDa) was spin
coated on the substrate with the grafted brush at 4000 rpm for 45 seconds. The block copolymer
was then annealed in a solvent annealing flow chamber (Figure 2.4.2). The conditions for
annealing were 80 sccm of saturated acetone vapor mixed with 5 sccm of dry nitrogen at room
temperature resulting in a swelling ratio of a polystyrene film to 35%. The dilute acetone
solvent vapor was passed across the sample for 2 hours followed by immediate termination of
the solvent vapor and drying the sample at 250 sccm of dry nitrogen for 5 minutes. Then, the
annealed BCP samples were placed in a 100 mL jar containing an opened 2 mL vial filled
halfway with methyl iodide liquid. The jar was sealed and the sample was exposed to methyl
iodide vapor for 24 hours to convert the poly(2-vinyl pyridine) block into a poly(2-vinyl
pyridine-co-2-vinyl n-methyl pyridinium iodide). The exposure to the methyl iodide vapor
introduced fixed charge carriers without disruption to the nanostructure of the BCE32.
9

Figure 2.4.2. (a) Photo of solvent anneal chamber. (b) flow chart of the SVA chamber; (c) The
film thickness through anneal process; (d) scheme of BCP self-assembly.

2.5. Solution uptake
The solution uptake (SU) for thin films immersed with KIaq were measured using a
Gamry e-chem QCM. The PSbP2VP/NMP+ I- BCE thin films were self-assembled on gold
quartz crystals using the same procedure for Si wafers as described in the literature32-35 and the
Section above. The quartz crystal with the BCE was loaded into the QCM and chamber and
then an KIaq solution, or different relative humidity, was passed across the sample and the
frequency shift of the polymer was monitored. The frequency shift was converted into mass
gain using equation 2.5.1. The mass gain was used to determine the swelling uptake and λ
using equations 2.5.2 and 2.5.3.
∆f = - Cf • ∆m
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<2.5.1>

∆f: the observed frequency change (Hz)
∆m: the change in mass per unit area, in g cm-2
Cf: the sensitivity factor for the crystal used (e.g., 226 Hz µg-1 cm2 for a 5 MHz Au coated
quartz crystal at room temperature)

𝑆𝑆𝑆𝑆 =
𝜆𝜆 =

𝑊𝑊hydrated −𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑

(𝑊𝑊hydrated −𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 )/𝑀𝑀𝑀𝑀
𝐼𝐼𝐼𝐼𝐼𝐼∙𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑

<2.5.2>
𝑆𝑆𝑆𝑆

<2.5.3>

= 𝐼𝐼𝐼𝐼𝐼𝐼∗𝑀𝑀𝑀𝑀

2.6. GI-SAXS
Another experimental method used to identify Ctp is small-angle x-ray scattering24 (SAXS).
Because the material of interest in this report deals with thin films rather than bulk membranes,
an environmental GI-SAXS technique (Figures 2.6.1a and 2.6.1b) was developed to monitor
shifts in the BCE periodic spacing with a liquid aqueous salt droplet on top of the
nanostructured thin film.
GI-SAXS experiments were performed at the Advanced Photon Source (APS) Sector
Beamline 8-ID-E at Argonne National Laboratory (ANL). The beamline was equipped with an
environmental chamber and a humidity control system. BCE thin films on Si wafer, with and
without KIaq droplets, were measured at the same humidity (95%). Humidity was applied with
experiments featuring liquid droplets to prevent the droplet from evaporating. The grazing
incidence angle was 0.14 ° for dry samples and 0.11 ° for samples with a droplet on it. All GISAXS data were analyzed using the GIXSGUI42-43 software package from APS to obtain
11

GISAXS intensity and integrate a region of the 2D data along qz, the out-of-plane direction, to
get the intensity as a function of qy, the in-plane direction (equation 2.6.1)

𝑞𝑞𝑥𝑥,𝑦𝑦,𝑧𝑧 =

2𝜋𝜋
𝜆𝜆

cos�α𝑓𝑓 � cos�2𝜃𝜃𝑓𝑓 � − cos (α𝑖𝑖 )

�

cos�α𝑓𝑓 � sin�2𝜃𝜃𝑓𝑓 �

sin�α𝑓𝑓 � + sin(α𝑖𝑖 )

<2.6.1>

�

Where αi is the incident angle, αf is the exit angle of the scattered photo, 𝜃𝜃𝑓𝑓 is the in-plane
scattering angle, 𝜆𝜆 is the x-ray wavelength, 1.136 Å (10.91 keV).
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Figure 2.6.1. a.) GI-SAXS through the liquid droplet to probe a BCE thin film and b.) the
experimental setup for environmental GI-SAXS at Sector 8 of the APS at ANL. c.) Line cuts
of 2D scattering pattern of BCE film with a liquid droplet on it with two different types of KIaq
concentrations. Two Bragg diffraction scattering peaks were identified despite attenuation of
the x-rays by the liquid droplet.
13

2.7. Ion sorption
The counterion and co-ion concentration in the thin films was measured using ion
sorption experiments. BCE samples were prepared on 1-inch diameter Si wafers. Then, the
sample was loaded into plexiglass cell that could be sealed and had an injection port (Figure
2.7.1). Then, 0.5 mL KIaq solution was placed on the surface of the wafer with the BCE sample.
After 24 hours, the KI solution was syringed out and 1mL of DI water was injected into the
chamber and placed on top of the BCE sample. The DI water was interfaced with the BCE
sample for 24 hours and then syringed out and transferred to a glass vial. The concentration of
K+ was quantified using ICP-OES. The signal response from ICP-OES was related to the
concentration of K+ using a calibration curve (Figure 2.7.3). Note: All syringes for adding
solutions and removing solutions used a 0.45 μm PTFE filter.

Figure 2.7.1. The design file and photo of ion sorption chamber.
The co-ion sorption procedure is illustrated in Figure 2.7.2a. This procedure placed
the KIaq solution on the PSbP2VP/NMP+ I- thin film followed by equilibration and rinsing
14

with DI water to extract the absorbed co-ions and then quantification of the amount of K+
ions using ICP-OES. Figure 2.7.2b depicts the procedure for assaying counterion sorption
into the PSbP2VP/NMP+ I- thin film. This procedure dissolved the thin film BCE with N, Ndimethylformamide (DMF) after exposure to KIaq solution. The dissolved film was analyzed
by LCMS to quantify the amount of I- counteranions.

15

a.)

b.)

Figure 2.7.2 a.) Illustrated co-ion sorption procedure for quantifying co-ion concentration, K+,
in BCE thin films using ICP-OES. b.) Illustrated procedure for assaying counterion
concentration, I-, in BCE thin films using LCMS.

For determining the concentration of I- in the BCE thin films, the samples were
immersed in 5mL DMF solution after interacting them with KIaq and removing that solution.
16

The chamber with DMF on top of the BCE sample was sonicated for 10 minutes to dissolve all
the polymer into the solvent. The iodide concentration was measured using LCMS. Figure
2.7.4 gives the calibration curve for I- concentration and the LCMS instrument response.

Figure 2.7.3. The calibration curve relating ICP-OES detector response to the concentration of
potassium ions in aqueous solution

17

Figure 2.7.4. The calibration curve of iodide ions in aqueous solution using LCMS

2.8. Thin film ionic conductivity experiments
The same procedure for placing BCEs and RCEs on silicon wafers was followed for
placing BCEs on IDE substrates32-33. The IDE samples with the PSbP2VP/NMP+ I- BCE samples
were placed in a home-built stainless-steel chamber that had temperature and humidity control and
that could be sealed (Figure 2.8.1). Further, this chamber had a temperature probe and electrical
contacts for making ionic conductivity measurements for the BCE on IDEs. For liquid droplet
conductivity measurements, the liquid droplet was placed on the IDE in the sealed chamber. 95%
RH with a nitrogen carrier gas was delivered to the testing chamber at 1 L min-1 through control of
the dew point temperature on the bubbler. The BCE film resistance was determined using
electrochemical impedance spectroscopy (EIS) carried out in galvanostatic mode 32-33.
18

Figure 2.8.1. Experimental setup for ionic conductivity experiments under 95% RH with and
without liquid droplets. The experiments with the liquid droplet are carried out under humidity
to prevent the droplet from evaporating.

2.9. Classical molecular dynamics simulations
Simulations were carried out using a conventional non-reactive force filed based on
OPLSAA.44 A model BCE 40-mer was chosen with a hydrophobic (styrene) segment followed
by a hydrophilic segment of equal length with the hydrophilic segment consisting of alternating
charged (pyridinium) and unchanged (pyridine) segments (Figure 2.9.1). For each tethered
positively charged pyridinium moiety, an iodide counterion was introduced. Using the
Avogadro software,45 the initial structure of the BCE was generated consisting of the
19

monomeric units arranged in a line. A short 100 ps simulation of one single chain was carried
out in vacuum at a temperature of 300 K in the isothermal (NVT) ensemble in a cubic box of
length 100 Å. Using the resulting structure from the previous simulation, one chain was
solvated with 6500 water molecules in a cubic box with a box length 60 Å using the Packmol
program46 for the dilute case. To mimic the experimental conditions, 30 chains were solvated
with water in a cubic box with a box length around 100 Å. The amount of water was based on
the experimental data which is about 6 waters molecules per pyridinium unit. Four separate
sets of simulations were carried, one without excess salt, the others with excess KI salt added.
The amount of added KI in the latter three cases was 6, 40 and 90 molecules leading to a ratio
of water to KI of 1: 300, 1: 45, 1:20, respectively. These values were based on the experiments
with liquid droplets of varying concentration, 0.04 M, 0.27 M and 0.61 M, respectively. The
water model applied in this study is TIP3P47 and the SHAKE48 algorithm was used to constrain
the bond lengths and bond angles for the water molecules. After random packing, each
simulation box was equilibrated in the NVT ensemble for 5 ns at a temperature of 300 K
followed by 30 ns simulation in the isothermal-isobaric ensemble (temperature of 300 K and
pressure of 1 atm) via the Nose-Hoover thermostat and barostat49-50. To get better sampling,
replica exchange MD simulations were carried out51. For each case, the replica
exchange/parallel tempering simulations were carried out with 16 replica systems equally
distributed between 290 K to 365 K for 20ns. The structural data was determined using the
trajectories for the 300 K replica. In order to determine dynamical data, the final structures
from the parallel tempering simulations at 300 K were used to carry out production runs of
20

length 20 ns in the canonical ensemble. In addition, to obtain the conductivity of the copolymer
electrolyte, non-equilibrium MD simulations were performed by adding an electric field of 0.1
V Å-1 in the z direction for 20 ns. All of the above simulations were carried out within the
LAMMPS software package52 under periodic boundary conditions with a 1 fs time step using
Ewald, specifically PPPM53, to account for long- range electrostatics.

Figure 2.9.1. The model BCE with the different chemical groups.

21

CHAPTER 3. IDENTIFICATION OF COUNTERION CONDENSATION
IN BLOCK COPOLYMER
3.1. Structure of self-assembled of BCE thin films
Figures 3.1.1a and 3.1b are the electron micrograph and the 2D GI-SAXS
scattering pattern of PSbP2VP/NMP+ I-. Both the electron micrography (Fast Fourier
Transform - FFT) and GI-SAXS scattering pattern, analyzed by the Yoneda peaks32, revealed
that this BCE under 20% relative humidity at 20 °C had a natural period of 44 nm. The SEM
image conveys that PSbP2VP/NMP+ I- had its polymer block domains aligned to the
substrate surface because a fingerprint like lamellae structure was observed. The
PSbP2VP/NMP+ I- sample was aligned perpendicular to the substrate surface for assessing
BCE’s morphology using top-down metrology tools and GI-SAXS – which monitored the
swelling or de-swelling of the ionic domains in an environmental chamber. Orienting the
ionic domains at the interface ensured that the aqueous salt solution could assess the
hydrophilic domains of the BCE film.

22

Figure 3.1.1 a) electron micrograph of PSbP2VP/NMP+ I-, with FFT, L0 = 44 nm b) GI-SAXS
scattering pattern of the same BCE in air environment.

Balsara and co-workers14 quantified the extent of counterion condensation in polymer
electrolyte membranes through determination of Ctp via solution uptake measurements of
Nafion® when interfacing the membrane with hydrochloric acid (HCl) solutions. As the
external salt solution concentration increased, the bulk Nafion® membrane went from a
constant solution uptake value to reduced solution uptake values. The external solution
concentration value that marked the transition from a constant solution uptake to the start of a
decreased solution uptake represented the Ctp. This transition point is important because it
marks the activity of ions in solution that is needed to exceed the osmotic pressure within the
polymer electrolyte causing deswelling. Hence, the aqueous salt concentration values below
Ctp signify that the polymer electrolyte is in the osmotic-controlled regime, while aqueous salt
concentration values above Ctp indicate that the polymer electrolyte is in the condensationcontrolled regime.
23

3.2. QCM experiments of BCE thin films
The BCE films in this report are sub-100 nm and have a small mass value. To identify
the Ctp in thin films via solution, a QCM technique was deployed to monitor small changes in
mass uptake when interfacing the films with different salt solutions. Figure 3.2.1a depicts the
frequency change of polystyrene (PS) and PSbP2VP/NMP+ I- BCE thin film in dilute aqueous
potassium iodide (KI) solutions. As expected, the frequency change is substantially greater for
the PSbP2VP/NMP+ I- thin film versus the PS thin film because the BCE thin film contains
hydrophilic ionomer blocks that are conducive for absorbing the aqueous electrolyte.
Figure 3.2.1b shows the solution uptake for PSbP2VP/NMP+ I- exposed to different
concentrations of KIaq. The solution uptake calculated from the frequency shift54 (Figure 3.2.1a)
was constant at dilute concentration values of KIaq (< 0.03M). Increasing the KIaq concentration
beyond 0.03 M resulted in a continued decrease in the solution uptake of the BCE thin film.
Figure 3.2.1b fits two independent lines for the constant solution uptake values and the linearly
decreasing swelling uptake values versus log10CKI. The intersection of these lines occurred at
0.055 ± 0.005 M KIaq – which was the Ctp. Note: The error bar represents the standard error for
n=3.
Figures 3.2.1a and 3.2.1b demonstrate that QCM was effective for determining the
Ctp in thin film BCEs. KIaq below Ctp demonstrated that the PSbP2VP/NMP+ I- thin film was
in the osmotic-controlled regime indicating that the concentration of ions inside the thin film
exceeded that of the external KIaq solution resulting in the BCE film trying to adsorb as much
water as possible to dilute the fixed charge carriers. Increasing the KI concentration in the
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external solution pass the Ctp value resulted in the PSbP2VP/NMP+ I- thin film transitioning to
the condensation regime. In this regime, the external solutions’ osmotic pressure is greater than
the film causing water withdrawal and a reduction in mass uptake. In previous reports14, 29, Ctp
was used to quantify fc through equation 3.2.1
𝑓𝑓𝑐𝑐 = 1 −

𝐶𝐶𝑡𝑡𝑡𝑡

<3.2.1>

𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼

CIEC: concentration of fixed ion groups (i.e., ion-exchange capacity (IEC)) in the BCE (M)

Using equation 3.2.1 and the measured Ctp would result in 97% of the counterions in
PSbP2VP/NMP+ I- thin films being condensed – which is similar to the 98% of counterions
condensed observed in Nafion® via a similar approach14. It is worth noting that equation 3.2.1
only estimates fc in the osmotic-controlled regime.
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Figure 3.2.1. a.) Frequency change versus time using a QCM for polystyrene and a BCE
PSbP2VP/NMP+ I- thin film immersed in 1 M KIaq solution. The frequency shift was used to
determine the solution uptake values; b.) Solution uptake values (average for n=3 with standard
error bars) of the BCE thin film as function of external KIaq concentration. The Ctp was
identified by the intersection of lines from constant solution uptake and the reduction in
solution uptake. The Ctp marks the transition between the osmotic-controlled regime and the
condensation-controlled regime. c.) An illustration of lamellae BCE thin film swelling and
deswelling due to differences in the external KIaq concentration.
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3.3. GI-SAXS experiments of BCE thin films
Figure 3.3.1a shows the 2D x-ray scattering pattern for the PSbP2VP/NMP+ I- BCE
thin film with a liquid droplet on it. The shadow of the liquid droplet on the thin film BCE was
observed in the scattering pattern. Unlike Figure 3.3.1b that showed 4 Bragg diffraction peaks
of equal q-spacing, the BCE thin film with a liquid droplet only showed two Bragg diffraction
peaks (Figure 3.3.1c) because of x-ray attenuation by the liquid. However, obfuscation of the
x-rays by the liquid droplet did not prevent monitoring changes in the periodic spacing of the
1st order Bragg diffraction peak when interfaced with KIaq solutions of varying concentration
(Figure 3.3.1b).
Figure 3.3.1c plots the Bragg diffraction peak spacing versus qy as a function of KIaq
concentration. From this Figure, the q-spacing was larger for the sample immersed in the
highest KIaq concentration when compared to the sample immersed in the lowest concentration.
Similar to the QCM experiments, the domain spacing (L0 = 2π/q) is constant (L0 = 45.5 nm) at
dilute KIaq concentrations and starts to decrease when changing the solution concentration from
0.03 M to 0.1 M. Using the same linear analysis that determined Ctp in Figure 3.2.1b, the Ctp
value determined from GI-SAXS experiments was 0.060 ± 0.005 M. This value was very close
to the value identified from QCM (0.055 ± 0.005 M). The Ctp value from GI-SAXS
corresponded to a fc of 97% if using equation 3.2.1 – an identical value attained from QCM
experiments.
An unresolved issue in the area of counterion condensation for IEMs pertains to how
nanoscale architectures impact dissociated ion pairs and ion transport. Block copolymers can
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be systematically varied to control morphology and periodic feature sizes through controlledliving polymerization38. Figures 3.3.1a-c unequivocally demonstrates that environmental GISAXS can be used to monitor shifts in the periodic spacing of BCE thin films with liquid
supporting electrolyte on top. It is envisioned that the developed environmental GI-SAXS
could also be useful for understanding ion partitioning and solution uptake effects with
nanostructured polymer electrolyte materials interfaced with concentrated electrolytes – which
is relevant for redox flow batteries18. Despite that estimating fc through measuring Ctp often
gives very high extents of condensation that is at odds with other methods4, 12, the identification
of Ctp is useful because it allows one to determine when film deswelling may occur. Plus, it
could be a useful assessment tool to downselect new BCE materials that extends Ctp to larger
values – i.e., more permselective IEM materials.
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Figure 3.3.1. a.) GI-SAXS scattering pattern from BCE with a liquid KIaq droplet on it. b.)
Plots of GI-SAXS intensity (I) versus in-plane component of the scattering vector (qy) of
PSbP2VP/NMP+ I- BCEs in contact with KIaq of varying concentration. Curves are shifted
vertically for clarity. c.) Calculated d-spacing values (average for n=3 with standard error bars)
of the PSbP2VP/NMP+ I- BCE thin film as function of external KIaq concentration and the
identification of Ctp.

The transition between the osmotic-controlled regime and the condensed-controlled
regime in BCE films has been determined using solution uptake values from QCM
experiments and GI-SAXS experiments. These methods gave fc values that were very large
(97 %). Two additional experimental precedents for calculating fc relied upon: i.) fitting
either counterion release from adsorbed co-ions to the Gibbs-Donnan equilibrium model14
and ii.) fitting experimentally determined activity coefficient models to Manning’s Theory of
counterion condensation15. Both of these methods have been adopted in this work and it
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necessitated measurement of the co-ion concentration and counterion concentration in thin
film BCEs exposed to KIaq solutions.

3.4. Ion-soprtion experiments of BCE thin films

Figure 3.4.1. a.) Co-ion and counterion concentration values in the PSbP2VP/NMP+ I- BCE
thin films as a function of external KIaq concentration. b.) Measured activity coefficients (𝛾𝛾+𝑓𝑓 𝛾𝛾−𝑓𝑓 )
of counterion and co-ions in the BCE thin film. c.) The concentration of uncondensed
counterions (Cup-) along the polymer chain in the BCE film (left y-axis) as a function of
external KIaq concentration. Cup- was determined from the Gibbs-Donnan equilibrium
expression (equation 3.4.1) and by knowing 𝛾𝛾+𝑓𝑓 𝛾𝛾−𝑓𝑓 . fc in the BCE was calculated using equation
3.4.2 and knowing Cup-.

Figure 3.4.1a presents the co-ion and counterion concentration values in the
PSbP2VP/NMP+ I- thin film after exposure to different external KIaq solution concentrations.
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The co-ion concentration (K+) rapidly rises when increasing the external KIaq solution
concentration. Conversely, the rise in concentration of the I- counterion in the film after
interfacing with KIaq solutions is comparatively small. The small change in I- concentration
was attributed to the small amount of co-ion entering the BCE film due to Donnan exclusion
and the already large I- concentration present from the BCE.
Using the concentration of ions in the BCE film data presented in Figure 3.4.1a, it was
possible to determine the activity coefficients of these ions using equation 3.4.1. The activity
coefficients of the ions in the BCE film required knowing the activity coefficients of the ions
in the external salt solution, attained from the literature55 (Figure 3.4.2), as well as the
concentration of ions in the liquid solution.
𝑓𝑓

𝛾𝛾+ 𝛾𝛾−𝑓𝑓 =
𝑓𝑓

𝑠𝑠 2 𝑠𝑠 2
(𝛾𝛾±
) (𝐶𝐶𝑠𝑠 )

<3.4.1>

𝑓𝑓 𝑓𝑓

�𝐶𝐶+ 𝐶𝐶− �

𝛾𝛾+ 𝛾𝛾−𝑓𝑓 : the activity coefficients of the cations and anions in the thin BCE film

𝛾𝛾±𝑠𝑠 : the mean activity coefficient value of KI salt dissolved in water
𝐶𝐶𝑠𝑠𝑠𝑠 : the concentration of KI salt dissolved in water
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Figure 3.4.2. The mean activity coefficient values (𝛾𝛾±𝑆𝑆 ) of KI in water attained from the
literature55.

𝑓𝑓

Figure 3.4.1b presents the measured 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 values for the PSbP2VP/NMP+ I- BCE thin film.
The activity coefficient of the ions in the BCEs are very low and rise with increasing external
solution concentration - similar to the literature4. The low activity coefficients observed at low
KIaq hail from the large ionic concentration difference between the external solution and the
BCE. Because of the glassy styrene block in the BCE film, the thin film cannot absorb enough
water to dilute its fixed charge carriers to match the activity of ions in solution. Hence, the
activity coefficient values of the ions in the BCE thin films are quite low. Increasing the external
solution concentration led to smaller concentration difference between ions in the solution and
BCE, and as a result, the activity coefficient of the ions in the BCE film increased.
With the activity coefficient values of the ions in the BCE film determined, as well as
the co-ion adsorbed salt concentration values, the concentration of non-condensed counterions
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in the BCE (Cup-) was calculated using the Gibbs-Donnan equilibrium model (equation 3.4.2)3.

𝑓𝑓
𝐶𝐶+
𝑓𝑓

=

2

2
�𝛾𝛾𝑠𝑠 �

±
−𝐶𝐶𝑢𝑢𝑢𝑢− +��𝐶𝐶𝑢𝑢𝑢𝑢− � +4 𝑓𝑓 𝑓𝑓 (𝐶𝐶𝑠𝑠𝑠𝑠 )2
𝛾𝛾+ 𝛾𝛾−

2

=

𝐶𝐶+ : concentration of K+ in the BCE film
Γ:

�𝛾𝛾±𝑠𝑠 �

2

−𝐶𝐶𝑢𝑢𝑢𝑢− +��𝐶𝐶𝑢𝑢𝑢𝑢− � +4Γ∙(𝐶𝐶𝑠𝑠𝑠𝑠 )2
2

<3.4.2>

2

𝑓𝑓 𝑓𝑓

𝛾𝛾+ 𝛾𝛾−

Figure 3.4.1c shows the calculated Cup- values for each KIaq (i.e.,𝐶𝐶𝑠𝑠𝑠𝑠 ). The Cup- term is relatively
constant below < 0.05 M KIaq - providing further evidence that the BCE film is in the osmotic-

controlled regime. Increasing KIaq further resulted in a reduction of Cup- signaling that the film
has entered the condensation-controlled regime.
By calculating Cup-, it was possible to determine fc using equation 3.4.3 – which is
similar to equation 3.2.1. but Ctp has been substituted with Cup-.
𝑓𝑓𝑐𝑐 = 1 −

𝐶𝐶𝑢𝑢𝑢𝑢−

<3.4.3>

𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼

The fc determined from Cup- and equation 3.4.3 is plotted in Figure 3.4.1c. This Figure shows
that the extent of counterion condensation is almost negligible at low KIaq and increases to 64%
at 1 M KIaq. Notably, this method for determining fc leads to values that are significantly lower
than using Ctp and equation 3.2.1.
The implications of fc in Figure 3.4.1c implies that the BCE thin film has almost all of
its fixed charges attempting to become dissociated through water uptake and solvation. In other
words, almost all of the fixed charge-counterion pairs along the polymer backbone are exerting
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some level of activity. However, the extent of dissociation and exertion of activity ions in the
BCE films is regulated by the water uptake – which is not enough due to the hydrophobic,
glassy polystyrene polymer that prevents the BCE film from being dissolved. Although Cup- is
high at low KIaq, the activity of ions in the BCE film is small due to the low activity coefficient
values. Increasing KIaq past Ctp transitions the BCE film into the condensation-controlled
regime. In this regime, the adsorption of salt within the film screens fixed charges and
counterions along the polymer backbone leading to condensation (i.e., fixed charge-counterion
pairs not contributing to activity) and a reduction in Cup-. The screening of fixed charges also
explains why the co-ions are adsorbed; otherwise, Donnan exclusion and fully dissociated ionpairs would mitigate co-ion adsorption.

3.5. Manning’s Theory of counterion condensation
𝑓𝑓

The previous section showed the utility of knowing the 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 values in the BCE film

with the Gibbs-Donnan equation for quantifying counterion condensation. It has been shown4,
12-13, 22

that Manning’s Theory of counterion condensation (equation 3.4.1) can predict the

activity coefficients of ions in IEMs with no adjustable parameters and by knowing the
Manning parameter (ξ) – which is the dimensionless variable of the Bjerrum length (λb) divided
by the average distance between fixed charges along the polymer chain (‘b’) (equation 3.5.2).
𝑓𝑓

𝑋𝑋

+1

−𝑋𝑋

𝜉𝜉
𝛾𝛾+ 𝛾𝛾−𝑓𝑓 = �𝑋𝑋+1
� 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑋𝑋+2𝜉𝜉�

<3.5.1>

𝑓𝑓

𝑋𝑋 = 𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼 /𝐶𝐶+
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𝑒𝑒 2

𝜉𝜉 = 4𝜋𝜋𝜀𝜀

0 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀

=

λ𝐵𝐵

<3.5.2>

𝑏𝑏

e: protonic charge
ε: dielectric constant
ε0: vacuum permittivity constant
kT: thermal energy of the system

Using equations 3.5.1 and 3.5.2, Figure 3.5.1 shows that Manning’s Theory can accurately
𝑓𝑓

predict the measured 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 for the PSbP2VP/NMP+ I- BCE provided that the average distance

between fixed charges is approximated correctly. Normally, previous reports have estimated ‘b’
by taking the statistical length of the polymer chain (equation 3.5.3) and dividing it by the
number of fixed charge groups. However, because a BCE has a distinct microphase separated
regime with agglomerated ionomer blocks and non-charged polymer blocks (i.e., polystyrene),
𝑓𝑓

the conventional approach for determining ‘b’ leads to inaccurate predicted 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 values (the

green trace in Figure 3.5.1). Reparametrizing ‘b’ by only determining the length of the ionomer
𝑓𝑓

block divided by the number of fixed charge groups led to predicted 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 values that matched

the measured values (the blue trace in Figure 3.5.1). Additionally, it is worth noting that the ξ
value was not constant in the BCE interfaced with different KIaq. The ξ value was determined

in the BCE sample as function of the external KIaq value (Figure 3.5.2) because the external
solution concentration affected the solution uptake value leading to a change in the ε value.
Hence, appropriate determination of ε (equations 3.5.4a and 3.5.4b)56 and ‘b’ were vital for
predicting the activity coefficient of ions in the BCE film using Manning’s Theory.
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𝑏𝑏 = �𝑛𝑛

𝑛𝑛𝑛𝑛𝑛𝑛

𝑃𝑃2𝑉𝑉𝑉𝑉−𝑁𝑁𝑁𝑁𝑁𝑁

<3.5.3>

+ 1� × 0.252 𝑛𝑛𝑛𝑛

𝑛𝑛𝑛𝑛𝑛𝑛 is number of non-charged pyridine and/or styrene groups, and 𝑛𝑛𝑃𝑃2𝑉𝑉𝑉𝑉−𝑁𝑁𝑁𝑁𝑁𝑁 is the

number of pyridinium groups. The average length of C-C bond in PS and P2VP units was
0.126 nm. Thus, the average distance from one unit to the next unit is 0.252 nm.

Figure 3.5.1. 𝛾𝛾+𝑓𝑓 𝛾𝛾−𝑓𝑓 predicted from Manning’s Theory of counterion condensation with
different average distance between fixed charges (‘b’) and compared against data from Figure
3.1.5b.
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Figure 3.5.2. The Manning parameter, ξ, calculated for the BCE film interfaced with different
KIaq solutions. The ξ changed because ε shifted due to different solution uptake values.
3/2

ε𝑆𝑆 = ε𝐷𝐷𝐷𝐷 − 17.0𝐶𝐶𝑆𝑆 + 3.43𝐶𝐶𝑆𝑆
ε = 𝑓𝑓 𝑆𝑆 ε𝑆𝑆 + 𝑓𝑓 𝐵𝐵𝐵𝐵𝐵𝐵 ε𝐵𝐵𝐵𝐵𝐵𝐵

<3.5.4a>
<3.5.4b>

in which fS and fBCE are the volume fraction values of solution and BCE. εBCE is the static
permittivity of BCEs. εBCE = 2 based on the literature57. Concentration dependence of static
permittivity ε of electrolyte solutions, ε𝐷𝐷𝐷𝐷 = 78.36, 𝐶𝐶𝑆𝑆 is molar concentration of salt (mol L-

1 56

) .

Manning’s Theory of counterion condensation posits that a linear polymer chain with
fixed charge points along the line will condense its ions if ξ > 1 (i.e., ξcrit = 1 for a monovalent
salt). The theory proposes that a dense concentration of fixed charges along the polymer chain
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causes ‘b’ being small relative to λb (i.e., ξ > ξcrit) fostering condensed counterions that do not
exert activity. With this logic, Manning presents that Cup- can be determined by CIEC/ξ and that
fc is calculated using equation 3.5.5 – which is slightly differently than equations 3.4.1 and
3.4.3 as it includes the counterion concentration contribution from co-ion adsorption.
𝑓𝑓𝑐𝑐 = 1 −

𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼
𝑓𝑓
+𝐶𝐶+
ξ
𝑓𝑓
𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼 +𝐶𝐶+

=1−

𝑋𝑋
+1
ξ

𝑋𝑋+1

<3.5.5>

fc ranges from 46 to 57 % when using equation 3.4.5. The differences in fc between equations
3.2.1, 3.3.3, and 3.4.5 will be discussed in greater detail after the presentation of molecular
dynamics (MD) simulations and ionic conductivity measurements.

3.6. Classical MD simulations
Classical MD simulations were performed to complement experimental results that
quantified the extent of counterion condensation in microphase separated BCE chains. The MD
simulations utilized 30 BCE chains in a box that contained 6 water molecules per n-methyl
pyridinium iodide group along the polymer chain (Figure 3.6.1a). The water amount was
informed from QCM experiments. The amount of n-methyl pyridinium iodide groups in the
simulated BCEs were determined from the experimental approach shown in Figure 2.7.2b.
Additionally, MD simulations were performed with the BCE chains featuring added KI salt.
The amount of added KI to the BCE chains in the simulations were also informed from co-ion
adsorption experimental data.
The MD simulations determined the proximity of the iodide ion to the tethered n-methyl
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pyridinium charge. The simulations give a direct measurement of ion pairing using the
corresponding radial distribution (g(r)) function between the iodide ion and the carbon atom in
the -CH3 group bonded to the quaternarized nitrogen in n-methyl pyridinium along the polymer
backbone. The first minimum in g(r) (Figure 3.6.1b) defines the first solvation shell of
pyridinium around the iodide ion. The cumulative number density, n(r), (Figure 3.6.1b) is
given by:
𝑟𝑟

𝑛𝑛(𝑟𝑟) = ∫0 4𝜋𝜋𝑟𝑟 2 𝜌𝜌𝜌𝜌(𝑟𝑟)𝑑𝑑𝑑𝑑

<3.5.1>

39

Figure 3.6.1. a.) Simulation snapshot for BCE, purple represents pyridine and pyridinium, pink
is styrene, white and red correspond to water, and green is the iodide counterion. b.) The radial
distribution function, g(r), (solid line) and coordination number, n(r), (dashed line) for the Idistance from the -CH3 group attached to N+ (I-C) in the BCE.
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The value of n(r) at the first minimum gives the average number of pyridinium ions solvated
to an iodide in its first solvation shell. Hence the first minimum of g(r) is a robust definition of
whether an iodide is condensed on the pyridinium or not. In other words, an iodide ion is taken
to be condensed if the distance between the iodide ion and the C atom of the methyl group of
the pyridinium is less than the cutoff. Inspection of Figure 3.6.1b demonstrates that a large
fraction of counterions were condensed. This g(r) corresponded to a simulation that had no
added KI salt.

Table 3.6.1. Self-diffusion coefficient, conductivity and hopping rate from equilibrium
simulations and from non-equilibrium simulations (with an electric field of 0.1V Å−1 ) of the
I- and K+ for: Concentrated aqueous solution of BCE without added salt, with added salt [6
molecules, 40 molecules and 90 molecules of KI corresponding to experimental solutions of
0.04 M, 0.27 M and 0.61 M)] as well as dilute BCE solution with no added salt.
BCE

I- diffusion coefficient (Å2

BCE

BCE

BCE

BCE (dilute)

(6 KI)

(40 KI)

(90 KI)

1.68 ± 0.02

1.92 ± 0.03

2.08 ± 0.03

3.24 ± 0.04

295.12 ± 3.59

NA

3.16 ± 0.05

4.98 ± 0.03

9.12 ± 0.09

NA

1.12

1.29

1.54

2.71

8.7

0

0.04

0.44

1.76

NA

ns-1)
K+ diffusion coefficient
(Å2 ns-1)
I- conductivity (mS cm-1)
from

Nernst-Einstein

equation
K+ Conductivity (mS cm-

(table cont'd.)
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BCE

BCE

BCE

BCE

BCE (dilute)

(6 KI)

(40 KI)

(90 KI)

1.12

1.33

1.98

4.47

8.7

25.9

29.4

36.5

36.8

22.4

NA

0.4

3.5

9.6

NA

25.9

29.8

40.0

46.4

22.4

51.3

50.6

46.0

43.8

23.7

85.9

88.8

93.2

90.2

21.58

) from Nernst-Einstein

1

equation
Total Conductivity
(mS cm-1) from NernstEinstein equation
I- conductivity from nonequilibrium

simulations

(mS cm-1)
K+ conductivity from nonequilibrium

simulations

(mS cm-1)
Total
conductivity from nonequilibrium

simulations

(mS cm-1)
I-

hopping

rate

(equilibrium simulations)
I-

hopping

rate

(non-

equilibrium simulations)
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In order to determine the partial charge on the atomic sites of the polymer for use in the
all atom simulation, electronic structure calculations on a single repeating unit of the polymer
electrolyte were carried out in each case. In particular, charges from electrostatic potentials
using a grid (CHELPG) method58 were used to determine atomic charges by fitting to the ab
initio electrostatic potential on a grid around the polymer electrolyte unit molecule. The
CHELPG scheme was chosen to maintain consistency with the OPLSAA force field. All
electronic structure calculations were performed at the HF/6-31G* level using the GAUSSIAN
09 software59.

Figure 3.6.2. The radial distribution function, g(r), (solid lines) and coordination number, n(r),
(dashed lines) for I-C (C from -CH3 group attached to N) for the BCE in different salt
concentrations.
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Figure 3.6.3. The radial distribution function, g(r), (solid lines) and coordination number, n(r),
(dashed lines) for (a). I-O(H2O), (b). K-O(H2O) and (c).C (C from -CH3 group attached to N) O(H2O) for the BCE in different salt concentrations.

Table 3.6.2. Ratio of the total number (NI-) of condensed I- to the total number of pyridinium
units (NC), average number of waters (ncw) in first solvation shell of I-, K+ and pyridinium for
the five cases under study
BCE

NI-/NC
Coordination

BCE

BCE

BCE

BCE (dilute)

(6 KI)

(40 KI)

(90 KI)

0.88 ± 0.01

0.89 ± 0.01

0.99± 0.01

1.09± 0.01

0.40 ± 0.12

number

for

4.19

4.18

4.11

4.13

NA

number

for

NA

4.96

5.10

4.93

NA

water around ICoordination
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water around K+
Coordination

number

for

4.66

4.60

4.24

3.84

NA

water around pyridinium

The ion-pairing of the mobile iodide counterion with the tethered charge on the
polymer chain was examined using the iodide-carbon (C from -CH3 group attached to N) radial
distribution function (see Figure 3.6.2). The first minimum in this radial distribution function
defines the first solvation shell of pyridinium ions around an iodide ion. If the distance is less
than this cutoff the iodide ion is considered to coordinated to the tethered positivity charged
group of the BCE. The average fraction of iodide ions that are coordinated to the tethered
positive charge for the concentrated BCE solution in the presence and absence of applied KI
salt as well as for the dilute BCE solutions (excess water) in the absence of added salt are
tabulated in Table 3.6.2. The added salt has an effect on the ratio of iodide ions that are
coordinated to the tethered positive charge to the total number of pyridinium moieties, which
clearly increases with the increase of salt concentration whereas the presence of excess water
significantly reduces this ratio. There is no significant impact for the number of waters
coordinated with I- and K+ with increase of salt concentration while the number of waters
coordinated with pyridinium decrease with the increase of salt concentration (Figure 3.6.3 and
Table 3.6.2).
The effect of added salt and water on the self-diffusion of the iodide counterion was
investigated. In order to do so, the mean square displacement (MSD) of the iodide ions was
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determined from the canonical MD simulations as follows
𝑀𝑀𝑀𝑀𝑀𝑀 = < 𝐷𝐷 𝑟𝑟⃗ (𝑡𝑡)2 > =

1

𝑁𝑁

2
∑𝑁𝑁
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𝑖𝑖=1(𝑟𝑟

<3.6.1>

The self-diffusion coefficient (D) of the iodide ions can be determined from the slope (slope ~
6D) of the linear region of the MSD as a function of time and the values are reported in Table
3.6.1.
Hopping is considered to take place if the iodide moves from the solvation shell of one
pyridinium to another. Moreover, the iodide ion has to satisfy the condition that it does not go
back to the previous solvation shell in the following simulation timestep. The number of such
hops during simulation divided by the product of the simulation time and number of iodides
gives the hopping rate. The hopping rate for the different simulations is given in Table 3.6.1
and is double the value in presence of the electric field as compared to the equilibrium
simulations with non-applied field.
From the table it is clear that the translational dynamics of the iodide ion is
significantly reduced in the low hydration regime of the experimental conditions. The
conductivity (tabulated in Table 3.6.1) derived from the diffusion constant for the BCE using
the Nernst-Einstein equation is given by 60:
𝜎𝜎𝑁𝑁𝑁𝑁 =

𝑒𝑒 2

𝑉𝑉𝑘𝑘𝐵𝐵 𝑇𝑇

(𝑁𝑁+ 𝑧𝑧+2 𝐷𝐷+ + 𝑁𝑁− 𝑧𝑧−2 𝐷𝐷− ),

<3.6.2>

where e is the elementary charge, kB is the Boltzmann constant, V is the volume of the
simulation box, and T is the temperature. D±, z±, and N± are the diffusion coefficient, charge,
and number of mobile cations and mobile anions, respectively. These values are an order of
magnitude smaller than the experimental conductivities. Hence, the conductivity was also
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directly calculated from non-equilibrium simulations with an added external electric field in
the z-direction. In this case the conductivity is defined as the magnitude of the current density
divided by the magnitude of electric field. The anion current (I(t)) and conductivity (𝜎𝜎)are
determined from non-equilibrium simulations in the presence of an applied field, E, using the
following equations61
𝐼𝐼(𝑡𝑡) =

1

𝑑𝑑𝑑𝑑𝑑𝑑

∑𝑁𝑁
𝑖𝑖=1 𝑞𝑞𝑖𝑖 [𝑧𝑧𝑖𝑖 (𝑡𝑡 + 𝑑𝑑𝑑𝑑) − 𝑧𝑧𝑖𝑖 (𝑡𝑡))]

<3.6.3>

where zi is the z coordinate and qi are the charge of atom i, L is the size of the simulation box
and 𝑑𝑑𝑑𝑑 is the time interval used to record data, which was set to 2 ps. The average current, I,
is computed by linearly fitting the cumulative current that is obtained by the integration of the
instantaneous current, I(t), given by the above equation. The conductivity is given by
𝐼𝐼

<3.6.4>

𝜎𝜎 = 𝐴𝐴∙𝐸𝐸

where A is the area perpendicular to the field. For the concentrated BCE solution case with no
added salt, the conductivity obtained from the simulation is 25.9 mS cm-1 which is of the same
order as the experiment. The dramatic increase in the conductivity over what one would obtain
from equilibrium self-diffusion data strongly indicates Grotthuss like hopping behavior of the
condensed counterion.
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Figure 3.6.4. Simulation snapshot for BCE, purple is pyridine and pyridinium, red is styrene,
blue is water Image captures the distribution of water in the MD simulations of BCEs.
The simulation trajectory of the concentrated BCE solution showed distinct water rich
hydrophilic domains and water poor hydrophobic regions as is clear from the representative
simulation snapshot in Figure 3.6.4. The tetrahedral ordering of the waters in the BCE system
was quantified using the so-called tetrahedral order parameter q defined in the following
manner62.
𝑞𝑞 = 1 −

3
8

1

∑3𝑗𝑗=1 ∑4𝑘𝑘=𝑗𝑗+1(𝑐𝑐𝑐𝑐𝑐𝑐𝜓𝜓𝑗𝑗𝑗𝑗𝑗𝑗 + )2
3

<S9>

where 𝜓𝜓jik is the angle formed by the lines joining the central ith oxygen atom of a given
molecule and two of its four closest heavy atom neighbors j and k. In Figure 3.6.5 presents the

distribution of this order parameter for the BCE system compared to pure bulk water. There is
a clear shift to lower values of q indicating the non-bulk like solvation environment of the water
in the channels. The connection between the anomalously high conductivity and the non-bulk
like nature of the water channels will be examined in greater detail in future work.
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Figure 3.6.5. The probability distribution, P(Q), of the tetrahedral water order parameter, Q,
for water in BCE without added salt, concentrated aqueous solution of BCE with added salt
(from 6 to 90 molecules of added KI) and bulk water.

3.7. Comparison of experimental and computational result
Figure 3.7.1 reports the fc values for the MD simulations that featured adsorbed KI salt
and the experimentally determined values from equations 3.2.1, 3.4.3, and 3.5.5. As seen in
previous experiments with equations 3.4.3, and 3.5.5 (i.e., Gibbs-Donnan approach and
Manning approach), the addition of adsorbed salt in MD simulations leads to more counterion
condensation. Another apparent observation in Figure 3.7.1 is that the fc values from the MD
simulations were similar to the large values attained from equation 3.4.3 – which derive from
the identification of Ctp.
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Figure 3.7.1. fc determined from different experimental approaches and MD simulations.

The MD simulations reveal that 90% of ion charge pairs in the BCE are not dissociated
- namely they are solvated by counterion in the first solvation shell. This poor dissociation
further supports the low activity of ions in the BCE. Additionally, the incorporation of KI salt
to the simulated BCEs also showed additional iodide ions condensing on the BCE chain. This
is an important observation as Manning’s model (equation 3.5.5) assumes that all counterions
from adsorbed salt are dissociated. Note: Figure 3.7.2 provides a similar plot to Figure 3.7.1
but the counterion contribution from adsorbed salt in Manning’s theory is excluded (equation
3.7.1). fc does not shift much if the counterion contribution from adsorbed salt is included.
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Figure 3.7.2. The fc determined from experiments, MD simulation, and Manning’s Theory of
counterion condensation. Two versions of Manning’s Theory are presented: one version
includes the counterion contribution from the adsorbed salt and the other does not include that
contribution.
𝑓𝑓𝑐𝑐 = 1 −

𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼
ξ

<3.7.1>

𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼

It is clear that the MD simulations provide unique insights that are not possible via
experimental techniques. More importantly, the MD simulations signal that there may not be
two distinct classification of ions that are dissociated near or substantially below the Bjerrum
length4. Rather, it seems the extent of dissociation and activity may be governed by solvation
and the uptake of water. To test this idea, a separate and idealized simulation was carried out
where the BCE film was diluted significantly with water - 650 water molecules per ionic block.
The fc for the very dilute BCE chains in the MD simulation was 40% - which was substantially
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smaller. This simulation result highlights the importance for breaking ion charge pairs in
polymer electrolytes via solvation.
Previous results indicated that water uptake and solvation may be vital to describing
the activity of ions in the thin BCE film. Thus, it was decided to perform ionic conductivity
experiments under the following conditions: i.) the BCE film interfaced with liquid droplets
with KIaq and ii.) the BCE film, featuring adsorbed salt, under 95% relative humidity. The latter
condition tested what might happen to ionic conductivity in the BCE thin film when starved of
water (i.e., poor solvation). For the ionic conductivity experiments, it is important to note that
the BCE thin films had the P2VP/NMP+ I- block as the majority block in terms of volume
fraction. Hence, the ion conducting block was fairly percolated33 so isolated ionic channels did
not hinder ionic conductivity significantly.

3.8. Ionic conductivity experiments
Figure 3.8.1a reports the ionic conductivity of the PSbP2VP/NMP+ I- BCE thin film
interfaced with liquid KIaq solutions of varying concentrations. Ionic conductivity of the BCE
thin film increased with increasing concentration of KI in the liquid solution because ionic
conductivity is linearly proportional to the concentration of fixed charge carriers2. Figure
3.8.2a highlights this point as the conductance of the KIaq droplet without BCE film is provided.
Figures 3.8.2b and 3.8.2c also shows representative Nyquist plots that were fitted with electric
circuit equivalent models that were used to extract BCE film resistance values. Figure 3.8.1b
reports the ionic conductivity of BCE thin films that contained adsorbed salt under 95% relative
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humidity. The x-axis in Figure 3.8.1b corresponds to the external liquid solution that the BCE
film was exposed to for salt adsorption prior to removal of that liquid droplet and then testing
the thin film BCE ionic conductivity under humidity control. The greater concentration of the
KIaq liquid exposed to the BCE film resulted in more salt adsorption (Figure 3.3.2a).
Unexpectedly, the ionic conductivity decreased for a BCE film exposed to KIaq greater than
0.01 M.
The drastic differences in ionic conductivity values and trends of the BCE film in
Figures 3.8.1a and 3.8.1b highlight the importance of water on ionic conductivity and
dissociating ion charge pairs through solvation. Although Figure 3.8.1a shows an increase in
ionic conductivity with an increase in external KIaq concentration, it was decided to see what
happens to the ionic conductivity data in Figures 3.8.1a and 3.8.1b by normalizing the ionic
conductivity data to the concentration of ionic groups in the BCE (both from the polymer and
adsorbed salt). This normalized ionic conductivity term in the BCE is a proxy for the
summation of the ionic mobility values within the BCE2. Figure 3.8.1c plots the normalized
conductivity data versus the number of water molecules per ionic group in the BCE film (λ).
The amount of water in the BCE film hailed from QCM experiments (Figure 3.2.1b and Figure
3.8.3) while the concentration of ions in the film came from ion sorption and release
experiments (Figure 3.4.1a).
Figure 3.8.1c accentuates the importance hydration has on ionic mobility in BCE films.
With increased hydration, ion charge pairs are further dissociated and making it easier for
counterions to migrate under electrochemical potential gradients. Figure 3.8.1c features two
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clusters of data that correspond to experiments under 95% relative humidity and the other under
KIaq liquid solutions. Although the magnitude of the values is drastically different, they both
show positive trends in ionic conductivity with increasing λ. Hence, solvation via hydration is
important for promoting dissociation of ion charge pairs and migration under applied electric
fields.

Figure 3.8.1. a.) Ionic conductivity of BCEs thin film with salt solution droplet on them; b.)
Ionic conductivity of BCE thin films with adsorbed salt under 95% RH; c.). Normalized ionic
conductivity versus λ (number of water molecules per ionic group) for the BCE thin films.
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Figure 3.8.2. a.) The conductance of KIaq droplet on bare IDEs (i.e., no BCE thin films); b-c.)
Representative Nyquist plots with ECE models fitted for BCE ionic conductivity measurements
using EIS with liquid droplets (e.g., 0.1 M KIaq) and 95% RH after being interfaced with 0.1
M KIaq.

Figure 3.8.3. SU of BCEs thin film under 95% RH after being interfaced with KIaq.
Finally, it is worth noting that the conductivity values from MD non-equilibrium
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simulations ranged from 25.9 - 46.4 mS cm-1 (Table 2.9.1). The simulations conveyed the same
trend as a function of salt concentration as the experimental results with BCE films with liquid
droplets (58 to 68 mS cm-1 – Figure 3.8.1a). The ionic conductivity from equilibrium
simulations using the Nernst-Einstein equation (see Chapter 2.9) were an order of magnitude
smaller than those obtained by determining the instantaneous current from non-equilibrium
simulations with an applied electric field (see supplementary files 1 and 2 for simulation
animations). Examination of the non-vehicular hopping of ions along the backbone revealed
an order of magnitude of increase in the hopping rate with the application of an electric field.
These simulation results clearly indicate the importance of non-vehicular hopping mechanism
of ion transport along the backbone. Furthermore, examination of the distribution of the
tetrahedral order parameter of water molecules (Figure 2.9.5) has revealed that the solvation
structure of the water molecules themselves in the BCE systems deviates significantly from the
bulk.
Figures 3.8.1b and 3.8.2c and MD simulations (Table 2.9.1 and Figure 2.9.5) highlight
the role solvation plays in ionic conductivity in BCEs. It is worth noting that the role of
hydration, and its effect on fc, is not captured explicitly in Manning’s Theory of counterion
condensation and the Gibbs-Donnan model. The ionic conductivity observations as a function
of hydration (Figure 3.8.1c) are in line with previous studies that have examined ionic
conductivity of PFSAs under various degrees of hydration63-64. Further, it is well-known that
polymer electrolytes for lithium ion batteries, which typically features no water, experience
better ionic conductivity when they contain constituents that promote ion dissociation64-65.
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3.9. Conclusion
A well-ordered model BCE, advanced metrology, and molecular simulations were
brought together in concert to understand the low activity of ions in polymer electrolytes.
Depending on the approach, there was discrepancy in the extent of counterion condensation
(fc). Because BCE thin films have a high concentration of fixed charge groups, they display
low activity coefficients because the BCE cannot adsorb enough water due to the adjacent
hydrophobic, glassy polystyrene block. Interestingly, the Gibbs-Donnan model shows that the
majority of the ionic groups along the polymer backbone are exerting some level activity when
the BCE is in the osmotic-controlled regime. In other words, there does not seem to be a large
contingent of ions that are condensed along the polymer backbone not exerting activity.
However, the Gibbs-Donnan model analysis does show that fixed charges along the polymer
backbone do become screened through co-ion adsorption. This observation would explain the
continuous deswelling of BCE film in the condensation-controlled regime in GI-SAXS and
QCM experiments.
The implications of the simulation and experimental results highlight the importance of
capturing water activity in the BCEs to understand the dissociation and activity of ions, and
subsequently ionic conductivity and selectivity properties in nanostructured BCEs. Manning’s
Theory of counterion condensation was shown to predict the activity coefficients of ions in the
BCE film with extraordinary accuracy provided the average distance between fixed charges
was calculated correctly. However, Manning’s Theory only captures the role of water on ion
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activity through the dielectric constant. The Gibbs-Donnan model takes into account water
indirectly through the activity coefficient of ions in the BCE film. Future work is needed for
models that capture water activity explicitly in polymer electrolytes in the context of
understanding ion activity, migration, and selectivity. The role of solvation, rather than distinct
populations of condensed and non-condensed counterions, (Figure 3.9.1) is posited to be a
more appropriate molecular picture for understanding the extent of dissociated ion pairs in
polymer electrolytes.

Figure 3.9.1. Illustration of counterion condensation in a BCE chain (top image) and solvated
ion pairs in a BCE chain with different levels of hydration (bottom image).
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CHAPTER 4. IDENTIFYING AND QUANTIFYING COUNTERION
CONDENSATION IN RANDOM COPOLYMER ELECTROLYTES
4.1. Background
This chapter disseminates experimental results investigating counterion condensation in
random copolymer electrolytes (RCEs) using the experimental methods given in Chapter 2 and
the data analysis presented in Chapter 3. Both these methods were used for probing counterion
condensation in BCEs but are now applied for studying counterion condensation in RCEs.
Notably, the chemistry of the RCE and BCE are the same. This Chapter compares extents of
counterion condensation of RCEs versus BCEs to determine how microphase separation may
affect counterion condensation. The role of water structure in RCEs versus BCEs is examined
and discussed to understand the differences in the extent of counterion condensation.
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4.2. Experiments results

Figure 4.2.1 solution uptake result of RCEs thin films

Figure 4.2.2 Scheme shows the b value difference in BCE thin film and RCE thin film.
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Figure 4.2.1 shows the SU data for the PSrP2VP/NMP+ I- RCE as a function of
different external solution concentrations. This data was collected with a QCM and using a thin
film (similar to previous BCE studies). The CIEC for the PSrP2VP/NMP+ I- RCE is 1.45 M
(determined via LC-MS), and the Mn value is 130k. The volume fraction for styrene and 2VP
in the PSrP2VP random copolymer is 50:50, respectively. The Ctp value for RCE thin film is
0.23±0.01 M, which was about 4.2x higher than 40k-44k PSbP2VP/NMP+ I- BCE thin films
(0.055±0.005M). Using equation 3.2.1, the PSrP2VP/NMP+ I- RCE has a fc value of 0.77.
This value represents 20% less counterion condensation when compared against the 40k-44k
PSbP2VP/NMP+ I- BCE (fc = 0.97). Assessing the fraction of condensed counterions (fc) using
GI-SAXS was not possible as the RCE does not undergo microphase separation.
It is posited that the random distribution of ionic moieties along the full polymer chain
increases the average distance between fixed charges (Figure 4.2.2). This in turn lowers the
Manning parameter, ξ, making the RCE less susceptible to condensation of the counterions. In
other words, the RCE has a lower charge density and is less prone to the counterion
condensation effect – which arises from the large change density in the ionic block of
microphase separated BCEs.
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Figure
4.2.3 Co-ion and counterion concentration values in the PSrP2VP/NMP I RCE thin films as
a function of external KIaq concentration.
+ -

Figure 4.2.3 shows the co-ion and counterion concentration values in the
PSrP2VP/NMP+ I- thin film after exposure to different external KIaq solution concentrations.
Similar to observations in BCEs, the co-ion concentration (K+) rapidly rises when increasing
the external KIaq solution concentration. Conversely, the rise in concentration of the Icounterion in the film after interfacing with KIaq solutions is comparatively small.
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Figure 4.2.4 Measured and predicted activity coefficients (𝛾𝛾+𝑓𝑓 𝛾𝛾−𝑓𝑓 ) of counterion and co-ions in
the RCE thin film. Predicted 𝛾𝛾+𝑓𝑓 𝛾𝛾−𝑓𝑓 values (green red line) were from Manning’s Theory of
counterion condensation.

Figure 4.2.5 Calculated Manning parameter based on ion-sorption experiments

𝑓𝑓

Figure 4.2.4 presents the measured 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 values for the PSrP2VP/NMP+ I- RCE thin
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film using the data collected in Figure 4.2.3 and using the known activities of K+ and I- in the
external solution (Figure 3.3.3 ; activity coefficient values) and using equation 3.3.1. Notably,
𝑓𝑓

𝑓𝑓

the 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 values in the RCEs are much higher than that in BCEs. The range of 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 for the
𝑓𝑓

RCE are 0.3 to 0.7, while the range of 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 for the BCE is 0.15 to 0.35. The range for the
𝑓𝑓

𝛾𝛾+ 𝛾𝛾−𝑓𝑓 values were determined with thin polymer electrolyte films interfaced with external KIaq
𝑓𝑓

solutions that varied from 0.01 M to 1 M in concentration. The 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 for the RCE were

calculated using Manning’s Theory of counterion condensation using equations 3.4.2. The
Manning parameter, ξ, used in Manning’s Theory was calculated and plotted in Figure 4.2.5.
It varied from 0.95 to 1.18 and is also notably smaller than the ξ for the BCE (range of values
from 1.90 to 2.38). As stated previously in Chapter 3, ξcrit is equal to 1 for a monovalent salt. ξ
values closer to 1, which is the case for the RCE, supports less condensation of the counterions
in the film polymer electrolyte. This is further evidence, in addition to Figure 4.2.1 and the
resultant Ctp value, supporting that RCEs are less susceptible to counterion condensation. Again,
these results are rationalized by the ionic moieties in the RCE being further apart (Figure 4.2.2)
and thus the RCE having a lower density of charges when compared to the microphase
separated BCE with aggregated ionic domains (i.e., a high density of fixed charges).
It is worth noting though that Manning’s Theory of counterion condensation is less
𝑓𝑓

accurate (Figure 4.2.4) for predicting the 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 when using the calculated dielectric constant

based upon water uptake values and calculating ‘b’ by dividing the statistical polymer chain
𝑓𝑓

length by the number of charges. Manning’s Theory overestimates the 𝛾𝛾+ 𝛾𝛾−𝑓𝑓 at low external

solution concentrations, such as those in the osmotic-controlled regime, and then significantly
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𝑓𝑓

underestimate the values in the condensed-controlled regime. Although the trend of the 𝛾𝛾+ 𝛾𝛾−𝑓𝑓

values as a function of external solution concentration matches the trend predicted by
Manning’s Theory, the less accurate match between data and theory may be attributed to the
incorrected dielectric constant (ε) value for computing the Bjerrum length (λb), which is based
on a weighted average of the polymer and water, and the simplistic approach for calculating
‘b’. It is proposed that the BCE design is more conducive for using a weighted average between
the P2VP/NMP+ and H2O for determining ε for λb (i.e., it provides more accurate values).
Similarly, it is believed that the BCE design and aggregated ionic domains lead to more
accurate determinations of ‘b’. Using the approach of the chain length divided by the number
of fixed charges does not capture statistical variations such as two or three ionic moieties being
adjacent to each other.
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Figure 4.2.6 The concentration of uncondensed counterions (Cup-) along the polymer chain in
the RCE film (left y-axis) as a function of external KIaq concentration. Cup- was determined
from the Gibbs-Donnan equilibrium expression and by knowing 𝛾𝛾+𝑓𝑓 𝛾𝛾−𝑓𝑓 . fc in the BCE was
calculated using equation 3.3.2 and knowing Cup-.

Using K+ concentration data in the RCE thin film (Figure 4.2.3), the calculated 𝛾𝛾+𝑓𝑓 𝛾𝛾−𝑓𝑓

values and the Gibbs-Donnan equation (equation 3.3.2), the concentration of uncondensed
counterions (Cup-) along the polymer chain in the RCE film was determined. Cup- (left y-axis)
was plotted as a function of external KIaq concentration (Figure 4.2.6). Interestingly, the Cupvalue is relatively constant across the range of external KIaq concentration values. Additionally,
the Cup- values are close to the CIEC of the RCE. Thus, fc calculated (equation 3.3.3) using Cupfrom the Gibbs-Donnan equation is nearly 0. Using the Gibbs-Donnan model, known activity
coefficients and the co-ion inclusion for PSrP2VP/NMP+ I- RCE demonstrates the RCE is not
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displaying any level of counterion condensation and that all ionic moieties in the RCE are
exerting ionic activity.

Figure 4.2.6 fc of RCEs determined from different experimental approaches
Finally, Figure 4.2.7 conveys all the experimentally determined fc values for RCE thin
films. Similar to the work with BCE, there is discrepancy in the fc value depending on the
method of analysis. More importantly, each method unequivocally demonstrates that the RCE
displays less counterion condensation (or no counterion condensation) when compared to
BCEs. This is an important result as it shows that macromolecular morphology has a profound
impact on counterion condensation. This is the first time a systematic study has been performed
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comparing counterion condensation for different morphologies of a polymer electrolyte with
the same chemistry.
The less counterion condensation of RCEs versus BCE is ascribed to the further
distance (‘b’) between fixed charge groups in the RCE over the BCE. It is worth pointing out
that the CIEC for the RCE was smaller (1.45 M) than the 40k-44 BCE (1.90 M). The smaller
CIEC aides in the ‘b’ value being larger. In previous work by Arges et al32., non-microphase
separated BCEs showed lower ionic conductivity than microphase separated BCEs.
Preliminary simulations by Prof. Kumar’s group shows that the water structure in BCEs is
closer to bulk water than RCEs and as a result the water helps mediate ion transport and
counterion surface site hopping along the backbone. Further, the percolated ionic domains with
water in the BCE also ameliorate ionic conductivity. The next set of experiments require
measuring ionic conductivity of the RCE with different KIaq solutions and under relative
humidity to substantiate these results.

4.3. Conclusion
The results from this Chapter demonstrate that RCEs display substantially less
counterion condensation than BCEs. This claim is supported by the extension of the Ctp of the
RCE over the BCE by 4x and that the Gibbs-Donnan model and Manning’s Theory showing 0
to 20% condensation. The BCE extent of counterion condensation of the said models ranged
from 40 to 70% when KIaq exceeded 0.1 M. The rationale for the RCE showing less counterion
condensation in comparison to the BCE is attributed to the larger spacing between fixed charges
68

in the RCE over the BCE. Future work will explore ionic conductivity differences in RCEs
versus BCEs. Molecular simulations will also be performed to complement the existing the
experimental results.
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CHAPTER 5. THE ROLE OF PERIOD SIZE OF BCES ON
COUNTERION CONDENSATION
5.1. Counterion condensation in nanostructured thin film block copolymer of
varying periodicity
This Chapter presents preliminary results that examine how the extent of counterion
condensation (fc) changes as a function of period size in PSbP2VP/NMP+ I- and P2VP/NMP+
I-bPSbP2VP/NMP+ I- AB diblock and ABA triblock copolymer electrolytes. Note: The term
‘PSbP2VP/NMP+ I-‘ is used to describe both AB diblock and ABA triblock copolymer
electrolytes (i.e., BCEs).

5.2. Experimental Results
Experiments presented in Chapter 3.1 were partially repeated using 2 other kind of
BCEs with different domain spacing (Figure 5.2.1).
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Figure 5.2.1. a-c). SEM images of Poly (styrene-block-2-vinyl pyridine) (PSbP2VP) AB
diblock and ABA triblock copolymer sample (Mn: 12 kDa – 23 kDa – 12 kDa, 40 kDa – 44
kDa, and 102 kDa – 97 kDa)

The dependence of solution uptake (SU) of the BCE thin film as a function of external solution
concentration is shown in Figure 5.2.2. It is evident that SU is nearly independent of the
external KIaq solution concentration below 0.03 M. When KIaq > 0.1 M, SU decreases rapidly
with increasing external KIaq solution concentration. The lines in Figure 5.2.2 are errorweighted least-squares fits through the low and high concentration data sets.
Figure 5.2.2 conveys two important findings. First, the RCE has a substantially larger
Ctp value than BCEs (about 4x greater). Second, the Ctp values for the BCEs are close to each
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other but smaller domain feature sizes (i.e., period size L0) slightly increase the Ctp value (Table
5.2.1). One hypothesis for why the 12K-23K-12K PSbP2VP/NMP+ I- BCE has a larger Ctp is
that the ionic domain is confined more by the two adjacent glassy styrene blocks and locks the
water within the BCE film structure (i.e., it is less susceptible to undergo deswelling when the
external activity exceeds the activity of the BCE). However, this hypothesis needs further
testing. Despite the small difference in the Ctp of the BCEs of varying period sizes, the fc values
for all the BCEs are very large (96 to 98%) and they differ by less than one percent. Note: fc
was calculated using equation 3.3.1.

Figure 5.2.2. Calculated solution uptake data of the PSbP2VP/NMP+ I- BCE thin films with
different L0 values and PSrP2VP/NMP+ I- RCE thin film as function of external KIaq
concentration. The Ctp was identified by determining the transition between the osmotic
controlled regime (i.e., a swollen film) and the condensation regime (i.e., where the BCE film
starts to deswell).
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Table 5.2.1. Calculated counterion condensation from solution uptake experiments
RCEs

40K-44K BCEs

12K-23K-12K BCEs 102K-97K BCEs

Ctp (M)

0.23±0.01

0.055±0.005

0.062±0.004

0.052±0.004

CIEC (M)
L0 (nm)
(SEM
FFT)

1.45±0.01

1.90±0.03

1.76±0.02

2.01±0.02

n/a

44

23
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fc

0.77±0.001

0.971±0.005

0.964±0.002

0.972±0.002

n/a – RCE does not microphase separate

Figure 5.2.3 a.) GI-SAXS scattering pattern of 12K-23K-12K BCE samples in air b.)
Calculated domaining spacing of the 40K-44K PSbP2VP/NMP+ I- BCE thin film as function
of external KIaq concentration. c.) GI-SAXS scattering pattern of 102K-97K BCE samples in
air d.) Calculated domaining spacing of the 102K-97K PSbP2VP/NMP+ I- BCE thin film as
73

function of external KIaq concentration.
Table 5.2.2. Calculated counterion condensation from solution uptake experiments
Ctp (M)
CIEC (M)
L0 (nm)
(GI-SAXS)
fc

12K-23K-12K BCEs
0.085±0.005
1.76±0.02

102K-97K BCEs
0.052±0.004
2.01±0.02

23

72

0.952±0.005

0.974±0.002

Figures 5.2.3a and Figures 5.2.3c show the GI-SAXS patterns of PSbP2VP/NMP+
I- BCE thin films of different Mn values and L0 values (i.e., 12k-23k-12k and 102k-97k).
Several Bragg diffraction peaks were observed for these BCE thin films in humidified air
indicating long-range order of the microstructure. The q-spacing between peaks were equal
signaling a lamellae morphology. The L0 for 102k-97k was 72 nm and for 12k-23k-12k was
23 nm (Table 5.1.2). The L0 values were determined from the first order peak at q (i.e., L0
=2π/q).
Figures 5.2.3b and Figures 5.2.3d convey the dependence of L0 on the external
solution KI concentration. L0 is constant for solution concentrations below 0.02M. When
KIaq > 0.1 M, L0 decreases rapidly with increasing KIaq concentration. The lines in Figures
5.2.3b and Figures 5.2.3d are error-weighted least-squares fits through the low and high
concentration data sets. The intersection of these lines reveals the Ctp values – which was
0.085 ± 0.005 M for 12k-23k-12k BCE and 0.052 ± 0.005 M for 102k-97k. With these Ctp
values, the fc ranged from 95 to 97% for these BCEs. However, the 12k-23k-12k BCE, which
has a smaller L0, had a smaller fc value – which was contrary to SU experiments. The SU and
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GI-SAXS experiments show that fc ranges from 0.95 to 0.98. This signals that all BCEs have
large extents of counterion condensation and there is no meaningful difference in counterion
condensation as a function of BCE period size.
Future experiments are needed to calculary fc from the Gibbs-Donnan model and
Manning’s Theory. To do this, K+ and I- concentration values in the BCE thin films need to
be measured. Also, ionic conductivity measurements are also needed to complete the work.
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CHAPTER 6. CONCLUSION
Advanced metrology and molecular simulations were brought together in concert to
understand the low activity of ions in polymer electrolytes. Both nanostructured, block
copolymer electrolytes (BCEs) and amorphous, random copolymer electrolytes (RCEs) were
studied. The nanostructured polymer electrolytes displayed long-range order through selfassembly processing. Depending on the approach, there was discrepancy in the extent of
counterion condensation (fc).
The first key finding of this Thesis is that BCEs display greater extents of counterion
condensation when compared to RCEs. BCEs suffer from larger degrees of counterion
condensation due to high concentration of ionic groups into aggregated domains and the lack
of hydration/solvation to break ion charge pairs. RCEs, on the other hand, are less susceptible
to counterion condensation because the charge groups are spaced farther apart along the
polymer chain. Although BCEs show larger fc values, they can promote greater ionic
conductivity due to percolated pathways for ionic conduction and the water structure being less
restricted in the polymer electrolyte for mediating surface site hopping of ions along the
polymer backbone.
The second key finding of the Thesis is the discrepancy between different methods,
experimental and molecular simulation, for quantifying counterion condensation in polymer
electrolytes. In general, polymer electrolytes with ionic groups suffer from low activity due to
lack of hydration and solvation. GI-SAXS, SU via QCM, and classical MD simulations show
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large extents of counterion condensation. Measuring co-ion and counterion concentrations in
the polymer electrolytes from equilibrium partitioning experiments combined with Manning’s
Theory and the Gibbs-Donnan model show smaller fc values. The discrepancy is the focus of
future work, but it is hypothesized that the latter models do not explicitly account for water in
the model and this is why they overestimate the activity of ions in the polymer electrolytes.
Interestingly, Manning’s Theory of counterion condensation could predict the activity
coefficients of ions in the BCEs with remarkable accuracy if the average distance between fixed
charges was approximated appropriately. It is unknown why at the moment that Manning’s
model predicts the activity coefficients so well but underestimates the extent of counterion
condensation when compared to GI-SAXS and SU measurements.
The advanced metrology and molecular simulation tools open up new possibilities to
probe counterion condensation in polymer electrolytes with varying morphologies and
chemistries. These tools are important for constructing structure-property relationships that
relate macromolecular architecture and chemistry to ion-partitioning (i.e., selectivity) and ion
transport. The implications of the research have application to ion-exchange membranes and
ionomer-based electrode binders used in water deionization/remediation, ionic separations, and
electrochemical energy storage and conversion.
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